INTRODUCTION
Sindbis virus (SIN) and Western equine encephalitis virus (WEE) belong to the same serological subgroup within the alphaviruses (Calisher et at., 1980; Porterfield, 1980) . Like many alphaviruses they both have three structural proteins: two envelope glycoproteins (E 1 and E2) and a nucleocapsid protein (C). Corresponding polypeptides from SIN and WEE are very similar in their amino acid compositions and show extensive homology in the primary amino acid sequence at the N-termini of the glyc0pr0teins, indicating that they are very closely related in evolutionary terms (Bell et al., 1983) . Collections Of temperature-sensitive (ts) mutants of SIN and of WEE, as well as Semliki Forest virus (SFV), have been isolated and characterized according to the physiological defects of the mutants (for review, see Strauss & Strauss, 1980) . However, only mutants from SIN HR strain (Burge & Pfefferkorn, 1966a, b; Strauss et al., 1976) and WEE (Maeda et al., 1979) have been grouped by complementation; neither SFV mutants nor mutants of SIN wild-type (wt; AR339) will complement, for reasons which are not well understood (Strauss & Strauss, 1980) . Since the two viruses whose mutants will complement are so closely related we decided to investigate whether heterotypic comptementation could occur, i.e. whether SIN and WEE are sufficiently closely related that a defect in a SIN mutant could be complemented by a comparable WEE gene function. Furthermore, using the available ts mutants it would be possible to determine the extent of phenotypic mixing between these two viruses and the nature of the mixed particles.
The results reported here show clearly that some pairs of SIN and WEE ts mutants undergo 0022-1317/83/0000-5563 $02.00 © 1983 SGM limited complementation under appropriate conditions. Furthermore, in phenotypic mixing experiments it is possible to identify mixed particles which range from pseudotypes or nearpseudotypes (predominantly the structural proteins of one virus encapsidating the genome of the other) to particles containing antigenically significant quantities of both SIN and WEE polypeptides in their envelopes. These results are discussed in terms of the evolution of alphaviruses on a molecular level and self-recognition of viral components during virion assembly.
METHODS
Virus and cell culture. SIN wt is the AR339 strain originally obtained from Dr E. Pfefferkorn. The preparation of SIN HR strain and the SIN ts mutants used in this study has been described previously (Burge & Pfefferkorn, 1966 a; Strauss et al., 1976) . WEE wt and the WEE ts mutants were prepared as described elsewhere (Hashimoto & Simizu, 1978; Maeda et al., 1979) . Chicken embryo (CE) monolayers were used throughout this study for growth and plaque assay. They were cultured in plastic Petri dishes in Eagle's minimum essential medium (MEM) supplemented with 2~ calf serum (Simizu et al., 1973) .
Virus infectivity was assayed as p.f.u, on confluent monolayers of CE cells in 60 mm Petri dishes. For assay, the growth medium was removed from the dishes and each dish was inoculated with appropriately diluted virus (0-2 ml/dish). After adsorption for 60 rain at 34 °C, the dishes were overlaid with 5 ml MEM containing 1% calf serum and 1 ~ Special Noble Agar (Difco) containing 0-003 ~ neutral red. Plaques were counted after incubation for 2 to 4 days at the indicated temperature.
Complementation tests. CE monolayers in multiwell trays (24 wells, with covers; Linbro) were infected simultaneously with two ts mutants at a m.o.i, of 10 each. After adsorption for 90 min at 4 °C, the inoculum was removed and the monolayers were washed three times with cold MEM to remove unadsorbed virus. One-half ml of MEM containing 2 ~ calf serum was added to each well. The trays were sealed by taping the lids onto them with vinyl electrical tape to make them water-tight and then submerged in a water-bath controlled to within 0.1 °C of 41-5 °C unless otherwise noted. After 6 h at 41-5 °C the culture fluids were harvested and frozen at -80 °C until assay. Each experiment contained duplicate wells of pairwise combinations of mutants as well as duplicate wells of mut ants alone in the same 24-well plate. All vurus yields were titrated by plaque assay at 34 °C (Maeda et al., 1979) .
Phenotypic mixing. CE monolayers in 30 mm or 60 mm plastic dishes were infected with various virus combinations at a m.o.i, of 10 each. After virus adsorption at 34 °C for 1 h, the cultures were washed three times with MEM or phosphate-buffered saline (PBS) and supplied with MEM containing 2~ calf serum. Culture fluids containing virus were harvested after 6 or 8 h of incubation at 34 °C.
Antisera and neutralization test. Anti-WEE serum was prepared in rabbits by injection of formalin-inactivated virions with complete Freund's adjuvant. Anti-SIN serum, prepared by Dr C. R. Birdwell, was made in rabbits using purified native virus (Birdwell & Strauss, 1974) . Virus suspensions were diluted serially in 10-fold steps in MEM with 1 ~ calf serum, and 0.4 ml of each dilution was mixed with 0.4 ml of 1 : 1000 dilution of SIN or 1 : 100 dilution of WEE antiserum. Mixtures were incubated at 35 °C for 1 h and then inoculated onto CE monolayers for plaque assay. Normal rabbit serum was used as a control.
Polyacrylamide gel electrophoresis (PAGE) . Virions or infected cells were solubilized with SDS buffer (125 mMTris-HCl pH 6.8, 2~ SDS, 5~ 2-mercaptoethanol, 10~ glycerol, 0.001 ~ bromophenol blue) and heated to 70 °C for 30 rain. The samples were applied to 12 cm slab gels containing 7.5~ (w/v) acrylamide and 0.2~ (w/v) BIS (N,N'-methylenebisacrylamide, Bio-Rad) using the discontinuous system of Laemmli (1970) . After electrophoresis the gels were stained with Coomassie Brilliant Blue, destained and soaked in 1 M-sodium salicylate (Chamberlain, 1979) for 1 h and then dried and autoradiographed for a few days on a Fuji X-ray film.
RESULTS

Complementation between ts mutants of SIN and WEE
Previous characterization of SIN ts mutants by complementation had been carried out at 39 °C (Strauss et al., 1976) , while complementation between WEE ts mutants had been performed at 41.5 °C (Maeda et al., 1979) . We attempted to find conditions that would be a compromise by testing various pairs at temperatures between 39 °C and 41.5 °C. SIN ts mutants showed relatively strong complementation at 39 °C, but with increasing temperature the complementation indices decreased until complementation was barely detectable at 41.5 °C, as shown in Table 1 . Although the same combinations of mutants were not used at every temperature, mutant pairs were selected for these controls which gave the most efficient complementation at 39 °C, usually ts153 with either ts20 or ts23 or an RNA + mutant such as ts153 or ts23 with an RNA-mutant such as tsl 1 or ts6. However, WEE ts mutants were so leaky below 41 °C that positive complementation could not be detected above the background. Therefore, most of the experiments were carried out at 41-5 °C, despite the fact that this temperature had been shown to be suboptimal for SIN. It was also found that adsorption of the virus inoculum at 0 °C and careful washing to remove unadsorbed virus was essential to detect low levels of complementation. Several ts mutants from the SIN and WEE mutant collections were selected, and a number of complementation experiments were carried out as described in Methods. In each case the complementation index was computed as the virus yield from a culture doubly infected with a pair of mutants divided by the sum of the yields of virus produced by each mutant alone in the same experiment (Maeda et al., 1979; Strauss & Strauss, 1980) . Complementation indices shown are the average of the indices for the two mixed infections in a given experiment. Values greater than 2 are considered positive.
A composite of several complementation experiments is shown in Table 2 , and clearly indicate that heterotypic complementation occurred, especially between SIN RNA + mutants and WEE mutant ts39. Five of 15 combinations gave indices of greater than 2. The only RNA-SIN mutant to show complementation with any WEE mutant was tsl 1, and one of those results was at the lower temperature which is more favourable for SIN eomplementation. In parallel experiments (not shown) we were unable to demonstrate biochemical complementation between any heterologous pairs such as that shown for SIN mutants (Scupham et al., 1977; our * CE monolayers were infected as described in Methods for phenotypic mixing and yields in the culture fluids titrated at 34 °C or 41 °C after incubation with sera as indicated. In this and subsequent tables, the accuracy of the plaque assays is estimated to be _+5%. t Calculation of the genomes was as follows: (titre of mixed yield at 41 °C in normal serum/titre of mixed yield at 34 °C in normal serum) x 100 = percentage of genomes of wt or HR; percentage ts genomes = 100 -percentage genomes of wt or HR.
unpublished observations) in which the p140 protein produced by group C mutants at the nonpermissive temperature is processed in mixed group C-group D infections, presumably by a soluble protease contributed by the group D mutant.
Phenotypic mixing between SIN and WEE viruses and mutants
Phenotypic mixing was first shown to occur between three alphaviruses by Burge & Pfefferkorn (1966c) and has recently been extended to other interactions between alphaviruses (Lagwinska et aL, 1975) and interactions between alphaviruses and rhabdoviruses or retroviruses (Strauss & Strauss, 1980; Zfivadova et al., 1977) . We have further investigated the formation of phenotypically mixed particles between WEE and SIN, using the ts mutants of both viruses and a variety of biochemical and immunological methods.
Preliminary experiments had indicated that at or below 34 °C SIN wt grew better than WEE, while at elevated temperatures the reverse was true. However, yields from SIN HR relative to WEE wt were variable (data not shown). We therefore investigated the protein patterns of both the released virions and the intracellular proteins produced during mixed infections between ts mutants of WEE or SIN and the heterologous wt virus. At 34 °C both the mutant and wild-type proteins could be detected in mixed infections although SIN proteins clearly predominated in the mixed infection (Fig. 1 a, b) . In a mixed infection between SIN tsl7 (an RNA-mutant) and WEE wt, the E1 polypeptides were indistinguishable, whereas the E2 polypeptides were readily separable. Most of the E2 found in virions appears to be SIN tsl7 E2. WEE can also be distinguished by the presence of a smaller protein (X) related to capsid protein (Ishida & Simizu, 198l) . This can be seen in the mixed infection (Fig. 1) . The acrylamide gel patterns clearly cannot distinguish between mixed particles and a mixture of the two parental types but are included to show the relative amounts of SIN and WEE proteins in mixed infections.
A number of mixed infections were performed at 34 °C (permissive temperature) between SIN ts mutants and WEE wt, between WEE ts mutants and SIN HR and between SIN HR and wt and WEE wt. An analysis of three of these mixed infections is shown in Table 3 . Both the parental and mixed infection yields were titrated at 34 and 41 °C in the presence of normal rabbit serum to determine the relative number of mutant (ts) and wild-type (ts ÷) genomes. In all cases roughly half of the genomes appeared to be from each parent. We also titrated each parental yield and each mixed yield in the presence of anti-WEE serum, anti-SIN serum and a mixture of the two antisera. The results are complicated by the fact that the anti-SIN serum used On: Thu, 03 Jan 2019 05:46:12 appears to have some cross-reaction for WEE virions, although the anti-WEE serum does not appear to neutralize SIN virions significantly. It is significant that in the mixed infections the sum of the virions neutralized by the two antisera is more than 100 ~, indicating that a certain proportion of the virions can be neutralized by either antiserum. These viruses are probably mosaics, containing both WEE and SIN antigens in their surface envelope. What is being assayed directly is the presence of the E2 moieties since only anti-E2 and not anti-E1 antibodies are neutralizing for alphavirus infection (Dalrymple et al., 1976) . However, since E2 and E1 are known to exist in close association not only in virions but also in infected cells (Rice & Strauss, 1982) , the surface of the particles neutralizable by either antiserum probably is a mosaic made up mainly of homodimers, i.e. SIN El-E2 dimers and WEE El-E2 dimers. In all cases except the SIN HR-WEE wt mix (see below), the virions in the mixed infection were neutralized more completely by anti-SIN serum than by anti-WEE serum. This suggests but does not prove that the population of mature virions contains proportionally more SIN envelope proteins than WEE polypeptides; the relative affinities of the antibodies were not further investigated. It is impossible from these data to determine what percentage of the yield from the mixed infection is composed of mosaic particles. However, we estimate that a minimum of 30 to 40~ of the particles in the mixed yields contain polypeptides from both parents, since they can be neutralized by either antiserum. Other explanations for virus particles which are neutralized only in the presence of mixed antisera would be (i) lumped or aggregated virus, (ii) pleiomorphic particles containing nucleocapsids from more than one virus or (iii) morphologically distorted virions whose antigenic specificities have been altered. To test these possibilities the virions from a SIN tsl7 infection, a WEE wt infection and a mixed infection were partially purified and examined by electron microscopy. PAGE of the virion proteins from the same preparations showed that both SIN and WEE proteins were present. Particles from the mixed infection did not show any gross morphological differences nor an increased tendency towards aggregation. The infectivity of the three cultures was comparable and the infectivity of the mixed population was not altered by l0 cycles of freezing and thawing (results not shown).
Complementation between Sindbis and W E E virus mutants
In the mixed infection we have thus a heterogeneous population of virion types. Some undoubtedly are the parental type with SIN antigens surrounding SIN genomes or WEE antigens surrounding WEE genomes. In addition, mixed particles are present which can be neutralized with either anti-WEE or anti-SIN antisera. However, it appears that roughly onehalf of the genomes are of each parental type whereas proteins are predominantly from the SIN input virus. We can further characterize the nature of the mixed population by measuring the thermal stability of the virions produced during a mixed infection with SIN tsl7 and WEE wt. SIN ts17 is a temperature-sensitive mutant which cannot form plaques at 41 °C (Table 4 , line 1, 'titre without heating'). However, the infectivity of tsl7 virions is unaffected by heating at 60 °C. Conversely, WEE wt virions formed plaques with equal efficiency at 34 or 41 °C but were almost totally inactivated by heating at 60 °C for 5 min (Table 4 , line 3). Titration of the yield of a mixed infection at 34 °C and 41 °C shows that 51 ~ contained WEE genomes. Furthermore, about a third of the virions that survived heating also had WEE genomes. (Presumably this is because they contain sufficient tsl7 proteins to be thermally stable.) It is not known how many tsl7 protein moieties are required to confer thermal stability on a virion, but the proportion of virions from the mixed infection that survived heating was almost identical to that for tsl7 alone.
We re-examined the mixed virions produced in an infection with SIN HR and WEE wt at 34 °C (Table 5 ). The yield was inactivated at 60 °C for 5 rain and titrated in the presence of antisera. Less than 1 ~ of the mixed yield survived heat inactivation, indicating that most of the virions produced had predominantly WEE proteins. After heating, however, 50~ of the survivors could be inactivated by anti-WEE serum, and 96~ could be inactivated by anti-SIN serum, indicating that most were mixed particles containing sufficient SIN protein for thermal stability. When individual plaques from the heated mixed yield were grown up and analysed, 12 out of 23 produced heat-sensitive (WEE) virus, or roughly half of the heat-stable particles in the mixed yield contained WEE genomes. 4.8 × 10 ~ * Culture fluids harvested after 8 h of infection at 34 °C and titrated at 34 °C in the presence of normal serum. (Survival of infectivity of the mixed yield after neutralization with anti-SIN serum and anti-WEE serum was 18 ~o and 6% respectively.) I Culture fluids were diluted 100-fold in PBS and heated to 60 °C for 5 rain and then titrated on CE monolayers with or without anti-SIN or anti-WEE sera at 34 °C.
:~ Twenty-three plaques were picked from this plaque assay and grown up in CE cells. Twelve out of 23 progeny clones were heat-labile at 60 °C (i.e. WEE phenotype).
§ Percentage survival of infectivity in the antibody incubations is given in parentheses.
DISCUSSION
When a cell is infected at the non-permissive temperature with two ts mutant virions having mutations in different essential functions, and the mixed yield is greater than the yields from cells singly infected with the mutants, the two viruses complement, each supplying the function which is defective in the other. Two mutants in the same function do not complement and belong to the same complementation group. Although as an operational definition complementation is clear-cut and invaluable as a means of classifying mutants into groups by function and enumerating the number of essential functions in a genome, the exact molecular mechanism is not understood. Indeed, the alphaviruses are one of the few cases in which genes encoded as a polycistronic message and translated as a polyprotein precursor will complement efficiently (Strauss & Strauss, 1977) . Similarly, it is unclear why certain mutant collections will complement and others will not (Strauss & Strauss, 1980) . Therefore, since complementing collections of both SIN and WEE mutants existed it was of interest to attempt heterotypic complementation. The results obtained (Table 2) illustrate that WEE and SIN do appear to be sufficiently closely related for defects in one to be supplied by the comparable function on the other. The mutants we chose included representatives of six out of seven Sindbis complementation groups (Burge & Pfefferkorn, 1966 b; Strauss et al., 1976) and three out of four known WEE groups (Maeda et al., 1979) . All of the values for heterotypic complementation were low except SIN tsl53 (a capsid protein mutant) x WEE ts39 (a mutant in El, the haemagglutinin) (Hashimoto & Simizu, 1982) . The values may be low because the conditions are unfavourable for SIN complementation. Normally, as with WEE ts39 x WEE ts3 (Table 2) , complementation between an RNA ÷ mutant (in the structural proteins) and an RNA-mutant (non-structural proteins) is the most efficient, but this was not true of heterotypic 158~ E.G. STRAUSS, H. TSUKEDA AND B. SIMIZU complementation. It has been postulated that alphavirus replicases recognize a conserved sequence of 19 nucleotides at the 3' terminus to initiate synthesis of minus-strand templates (Ou et al., 1982) and a conserved stem and loop structure in the complement of the 5' terminus (J.-H. Ou, E. G. Strauss & J. H. Strauss, unpublished results) to initiate genome RNA replication. The 3' terminal 19 nucleotides of WEE and SIN RNAs are identical, except for a single base change at position 6, but the 5' terminal sequence of WEE has not been obtained and its degree of homology is unknown. It is possible that the viral replicase of one virus, supplied by the RNA + mutant in a mixed infection, has a very low affinity for the heterotypic genome and thus cannot supply the function needed to complement an RNA-mutant of the other virus. Heterotypic complementation appears limited to certain mutant pairs and thus it was not possible to determine which WEE groups corresponded to which SIN groups. Burge & Pfefferkorn (1966c) had shown that mixed infection between a ts mutant of the SIN HR strain and the wild-type strains of either Western equine encephalitis virus or Eastern equine encephalitis virus yielded particles which would produce plaques at 40 °C and were resistant to thermal inactivation. Our results on phenotypic mixing using SIN, WEE and their ts mutants extend these results, since we could quantify the genomes in the mixed particles by their ability to replicate at the non-permissive temperature. We could also monitor the proteins present on the external surface of the particles both by neutralization with antisera or by determining the thermal stability of the virions. It was not possible to determine whether any of the capsids were mosaics of the two species of C protein or whether nucleocapsid protein of one virus will form cores with heterologous RNA. Such exchanges might depend upon the location of the C protein synthesis relative to the 49S RNA replication complex, since capsid protein has been shown to associate with genomic RNA very quickly after synthesis and is not present free in the infected cell cytoplasm (Ulmanen et al., 1979) .
During mixed infection at the permissive temperature, a significant fraction of phenotypically mixed particles were produced which ranged from particles containing predominantly SIN proteins to those with predominantly WEE proteins, depending upon the parental types chosen. This illustrates that SIN and WEE are so closely related that the external glycoproteins of one can substitute freely for the proteins of the other. Furthermore, it should be noted that it is not known how many glycoprotein molecules of a particular type (for example, WEE E2 proteins) must be present on the surface of a particle in order to make that particle neutralizable by anti-WEE serum. Neither do we know how many polypeptides from a thermally stable parent are sufficient to confer heat stability on a phenotypically mixed virion from a double infection with a thermally unstable virus.
In addition to phenotypic mixing among themselves, alphaviruses also undergo nonreciprocal pseudotype formation with viruses of other groups. For example, SIN glycoproteins have been detected in envelopes surrounding vesicular stomatitis virus (VSV) nucleocapsids while SIN genomes were never found surrounded by rhabdovirus envelopes (Zfivadova et al., 1977) . This behaviour is due to the fact that alphavirus nucleocapsids interact directly with the transmembranous regions of the homologous glycoproteins El, E2 or both (for reviews, see Brown, 1980; Simons & Garoff, 1980) , where VSV nucleocapsids interact specifically with VSV matrix protein lining the cytoplasmic surface of the bilayer. [The interaction of the matrix protein with the outer membrane glycoproteins appears much less specific and VSV particles have been detected with heterologous glycoproteins from alphaviruses, paramyxoviruses and several other groups of enveloped viruses (Pringle, 1977) .] Alphavirus glycoproteins and nucleocapsid protein are found in equal molar ratios in the virion, indicating a single interactive site per glycoprotein molecule. The carboxy terminal portions of the C proteins of two alphaviruses (SFV and Sindbis) have been determined by nucleic acid sequencing of the respective 26S RNAs (Garoff et al., 1980; Rice & Strauss, 1981) and show very strong homology despite the fact that SIN and SFV are among the least serologically related alphaviruses (Calisher et al., 1980) . Since WEE and SIN are so closely related, we predict that WEE and SIN viruses will show even stronger homology in this region as well as in the corresponding sites at the carboxy termini of the glycoprotein(s). In reciprocal phenotypic mixing between WEE and SIN, the glycoproteins appear to be exchanged randomly at assembly sites in the plasmalemma.
Although it is not possible from our data to quantify the strength of the interaction between core and envelope, the facts that glycoprotein mixing is extensive and that phenotypically mixed particles do not differ significantly in morphology, specific infectivity, or stability from the parental viruses suggest that the SIN-SIN, WEE-WEE and WEE-SIN interactions are probably roughly comparable.
